Population genetics is the study of genetic variability within a population and of the forces that act upon it. As well as being of central importance to our understanding of evolution from prehistoric to modern times, it now also affects our everyday lives -whether considering human genetic disease, how to avoid the extinction of rare species or the merits of 'DNA fingerprinting' in forensic science.
Darwin and neo-Darwinism
Darwin's theory of natural selection succeeded because it was the first to propose an evolutionary mechanism that invokes population genetics: genotypes that survive and reproduce better than average contribute disproportionately to the next generation, so their frequency in the population rises.
Darwin, influenced by animal breeding, pictured evolution as a gradual improvement in the mean of continuously variable (quantitative) traits. Mendel, however, discovered the genetic processes that underlie Darwinian natural selection by following the inheritance of alleles with discrete phenotypes, resulting from mutations with major effects. The Darwinian and Mendelian views were shown to be compatible by the theoreticians of the 'neoDarwinian synthesis' -Haldane, Fisher and Wright -who demonstrated that gradual changes in quantitative characteristics arise from selection if variation is determined by allelic differences at many loci, with each variation having only a minor effect .
The neo-Darwinians also quantified evolutionary 'fitness', by defining an advantageous mutation as having a selective advantage of s and a fitness of (1 + s) if its genetic contribution to the next generation is 1 + s, relative to 1 for a wild-type allele. Using the Hardy-Weinberg formula (see pink box), one can predict the changes in frequency of an advantageous allele that will lead to its 'fixation' -the point at which it is present in all individuals in the population. The occurrence of fixations implies that there is competition within a species, such that advantageous new alleles replace their predecessors rather than simply augmenting their numbers. This happens because populations are limited by ecological factors; it also has the result that mean fitness and population size are not necessarily connected. Neo-Darwinism also assumes that genetic recombination occurs (at meiosis), so that changes in allele frequency at individual loci can be independent. A fixation at one locus thus does not generate simultaneous fixations at others.
Advantageous genetic substitutions are rare, but genetic Higher organisms are diploid: at each genetic locus an individual has two alleles that can be the same (in a homozygote) or different (in a heterozygote). English mathematician Godfrey Hardy and German physician Wilhelm Weinberg independently deduced the expected population frequencies of these possible genotypes.
Consider a genetic locus with two alleles, a 1 and a 2 , that have frequencies in the population of p and q (where q = 1 -p), respectively. If organisms mate randomly, the probability of an a 1 gamete being fertilized by an a 2 gamete is the same as for an a 2 gamete being fertilized by an a 2 . Thus, since a proportion p of the gametes that are fusing are of the a 1 type, and the probability that each fuses with an a 1 gamete is p, the frequency of a 1 a 1 homozygotes will be p 2 ; the frequency of a 2 a 2 homozygotes is q 2 . Thus, the frequency of a 1 a 2 heterozygotes is 1 -p 2 -q 2 = 2pq. This is the Hardy-Weinberg formula.
Selection
Although trivial, the Hardy-Weinberg formula has important consequences. A rare allele is almost always heterozygous, as the chances of achieving homozygosity are vanishingly small. Thus, a rare recessive allele (whose selective advantage arises only when it is homozygous) cannot be greatly affected by selection. Such a mutation will therefore initially spread very slowly. Similarly, if a harmful mutation a 2 has a low frequency (q) and a selective disadvantage of s, then selection will reduce the frequency of homozygotes to q 2 (1 -s), out of a population of 1 -q 2 s. However, if a 1 alleles (in proportion 1 -q) are mutating to the harmful a 2 alleles at a rate of , a mutation-selection equilibrium will arise. The new frequency of a 2 , after selection and mutation, is
When the frequency q is at equilibrium, then, approximately, q = √ µ / s. Thus, for example, if s = 10 % and = 10 -6 , the equilibrium frequency of a 2 is the surprisingly high 0.3 %.
Balancing selection
Balancing selection is the type of selection that will tend to maintain heterozygosity and polymorphisms within a population. 'Heterozygote advantage', one form of balancing selection, is the situation in which the fitness of an a 1 a 2 heterozygote (defined as 1) is higher than that of either the a 1 a 1 or the a 2 a 2 homozygotes (which have fitnesses defined as (1 -s) and (1 -t), respectively). Consider a copy of allele a 1 . Its chance of being in a homozygote is p and its chance of being in a heterozygote is q. Its expected fitness is thus p(1 -s) + q = 1 -sp. The fitness of the a 2 allele is 1 -tq. There is a stable equilibrium for p, when allelic fitnesses are equal, which occurs when p = t / (s + t); the stability derives from the negative relationship between fitness and frequency. In heterozygote advantage, the fitnesses of the genotypes a 1 a 1 , a 2 a 2 and a 1 a 2 are independent of frequency, but the fitness of the alleles a 1 and a 2 depends on p, as this affects whether they are found in high-fitness heterozygotes or low-fitness homozygotes. In frequency-dependent selection, a second form of balancing selection, the genotypic fitnesses themselves change with frequency. If the fitnesses drop when the frequencies increase, frequency-dependent selection can act to maintain polymorphisms, even when the dominance of one polymorphic allele is complete.
The Hardy-Weinberg formula and natural selection loci continually suffer harmful mutations that selection eliminates. A mutation-selection equilibrium results, determining the frequency of harmful mutant alleles. For rare alleles, heterozygotes are much commoner than homozygotes and selection cannot act on a recessive allele in a heterozygote, so harmful recessive alleles may be fairly frequent in populations (see pink box). When close relatives produce offspring, homozygotes are more likely to appear and a reduction in fitness -'inbreeding depression' -is seen.
Selection and genetic drift
Each generation is derived by sampling the gametes of the previous generation. Allele frequencies therefore change stochastically as a result of random sampling, and the effects of sampling increase in strength as the population size gets smaller. The importance of the resulting process -'genetic drift' -relative to natural selection depends upon the size of the selective differential, s, relative to the reciprocal of the population size. If s is larger, selection predominates; if s is smaller, drift predominates. One might imagine that populations are so large that drift matters only when s is very small. But drift depends not on the absolute population size, but on the 'effective population size', which may be much smaller. The effective population size is reduced if a small proportion of individuals contribute disproportionately to the next generation. Furthermore, the effective size can be very small if the total population size fluctuates, as the effective size is heavily influenced by periods of low numbers. Such 'genetic bottlenecks' greatly change gene frequencies, and often result in the fixation of one allele at a previously variable locus.
Visible and molecular polymorphisms
Many species show visible genetic polymorphisms, in which discrete morphological differences are determined by genotypes at one or a few loci. Human eye colour, and the colour and banding patterns of snails (see Fig. 1 ), such as Cepaea nemoralis, provide examples. In the latter case, frequencies of alleles can be monitored in space and time, and selection can be seen to operate. However, species whose genetic variability is dominated by visible polymorphisms are rare. Usually, although there is genetic variation in almost all traits, the variation is 'polygenic': the effects of individual loci are not distinguishable.
One way of finding genetic polymorphisms at multiple loci in many species is by the electrophoresis of soluble enzymes, a type of analysis pioneered by Lewontin and Hubby working with Drosophila pseudoobscura. High levels of polymorphism have been detected in most species, with 10-50 % of loci polymorphic and an average heterozygosity of 5-15 %. Molecular biology, and particularly the use of the polymerase chain reaction, allows DNA sequence variation itself to be assessed. Just as silent (synonymous) changes occur more rapidly in evolution than do amino-acid changes, it is now apparent that silent polymorphisms are commoner than amino-acid sequence polymorphisms. The process of purifying selection, whereby deleterious mutations are eliminated, rapidly removes most amino-acid replacement mutations from the population.
Molecular population genetics and molecular evolution
Explanations for why polymorphism persists include neutral and selective theories. Kimura's neutral theory argues that natural selection does not act on most amino-acid sequence variability: the level of heterozygosity is determined instead by the balance between neutral mutations, which create variability, and genetic drift, which causes the fixation of alleles (see yellow box). Fixation by drift of neutral alleles also accounts for evolutionary changes in amino-acid sequence. Thus, for neutralists, a single theory explains both polymorphism and evolution. In selective theories, balancing selection -whether it be heterozygote advantage or frequency-dependent selectionmaintains polymorphisms, and the fixation of advantageous mutations creates evolutionary change (pink box). The finding that there is an approximately constant rate of amino-acid sequence change in evolution -the 'molecular clock' -has been taken as evidence in favour of the neutral theory.
Population genetics today
'Silent' genetic changes allow us to test empirically the effects of selection on amino-acid replacements. If the divergence in amino-acid sequence between polymorphic alleles, or between genes in related species, is greater than that predicted from silent changes in the same sequences, a diversifying form of selection has probably operated. For long, nonrecombining molecules such as mitochondrial DNAs, sequence information allows us to estimate the phylogeny (family tree) of alleles within species. Such estimates, coupled with the mathematical theory of coalescents, allow predictions of population sizes in the past.
The expected heterozygosity for neutral alleles increases with the mutation rate (see yellow box). Alleles differing by variable numbers of tandemly repeated sequence elements have very high mutation rates and thus unprecedentedly high variability within populations: examples include minisatellite and microsatellite sequences, the variability in which has been valuable in DNA profiling populations of both people -in forensic science -and other animals, for example in studies of bird mating and migration.
Population genetics theory now also pays increasing attention to the effects -often measured by Wright's fixation index, F ST -of subdividing a population into groups that do not interbreed freely. For example, conservation biologists measure the 'bottleneck effect' of small population sizes in endangered species and aim to maximize genetic diversity as a means of avoiding inbreeding depression. Population genetics is also now being modified to apply to microorganisms. Their clonal pattern of reproduction means that changes in the frequency at different loci are not independent. Furthermore, it is not clear whether the concept of fixation can be applied to microorganisms, as populations and species are not well defined. Adaptive evolution can be easily studied in laboratory populations, either because mutation rates are very high, as in RNA viruses, or simply because population sizes can be huge and generation times short.
What population genetics cannot do
Population genetics, in itself, does not predict the fitnesses of genotypes: to do so requires information from molecular biology, development, physiology, behaviour and ecology. Population genetics is concerned with variation within populations, and not with evolutionary changes at other levels -it cannot explain, for example, why there are more species of birds than of reptiles. Equally, it does not deal with changes in genomes that do not result from selection, such as increases in the abundance of selfish DNAs.
We should also remember that population genetics explains adaptation as resulting from the fixation in the past of alleles adapting species to environments in the past. Organisms will not be adapted to environments that they have not encountered in their evolutionary history. It is thus pointless, for example, to try to explain current human behaviour in terms of evolutionary adaptation to current human environments. 
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The neutral theory
According to the neutral theory, the expected heterozygosity at a locus depends upon the effective population size, N e , and the neutral mutation rate, µ N . We can consider the level of homozygosity, h, to be the probability that two copies of a gene sampled from a population are the same. Suppose we call the homozygosity in generation 0 h 0 and that in generation 1 h 1 . If two copies of a gene are sampled in generation 1, they could be derived from the same copy in generation 0 (with probability 1 / 2N e ) or from different copies (with probability (2N e -1) / 2N e ); note that N e is multiplied by two for a diploid organism. If the two samples are from different parental copies, the probability that they are the same is h 0 . The total probability, h 1 , that they are the same in the next generation is (1 -2µ N ) term approximately allows for the requirement that both gene copies have not mutated). At equilibrium, h 0 = h 1 = h. Rearranging and ignoring all terms in µ except 4N e µ N , gives h = 1 / (1 + 4N e µ N ), which means that the heterozygosity, H (where H = 1 -h), is given by H = 4N e µ N / (1 + 4N e µ N ). The term 4N e µ N , often symbolized by , is thus central to the neutral theory.
Molecular evolution
If there are 2N copies of a gene in the population, eventually (with a speed that increases with a decreasing population size) one of the copies will spread to fixation. If variation between copies is neutral, all will have an equal chance (1 / 2N) of being successful. Thus, the probability of eventual fixation of a new neutral mutation (initially found as a single copy) is 1 / 2N. The rate of introduction of neutral mutations into the population is 2Nµ N , as µ N is the rate per gamete. Thus, the rate of production of new mutations which are subsequently fixed by drift (and thus constitute evolutionary changes) is 2Nµ N / 2N = µ N . Thus, the rate of neutral evolution is determined by the neutral mutation rate and is not affected by the population size. In selective evolution, by contrast, the rate increases with population size. Furthermore, the neutral evolutionary rate, unlike the level of neutral polymorphisms, is not affected by any selection operating at the locus. Neutrality thus predicts a clock-like progression of evolution.
